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A Decade of Discovery Past ...

EW theory — law of nature [Z, eTe™, pp, VN, (g — s
Higgs-boson influence in the vacuum [EW experiments]

v oscillations: v, — v, Ve — 1, /U7 [Vo, Vatm, reactors]
Understanding QCD [heavy flavor, Z°, pp, vN, ep, ions, lattice]
Discovery of top quark [pp]

Direct CP violation in K — 7 [fixed-target]

B-meson decays violate CP [eTe™ — BB]

Flat universe: dark matter, energy [SN la, CMB, LSS]

Detection of v, interactions [fixed-target]

Quarks, leptons structureless at 1 TeV scale [mostly colliders]
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Tevatron Collider is breaking new ground in sensitivity

s
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Weekly Integrated Luminosity (pb™)
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Tevatron Collider in a Nutshell

980-GeV protons, antiprotons (27 km)
frequency of revolution ~ 45000 s~
392 ns between crossings
(36 ® 36 bunches)
collision rate = L - Gjpefastic ~ 107 s71

c ~ 10° km/h; v, &~ ¢ — 495 km/h

Record Ly = 1.64 x 1032 cm—2 571
[CERN ISR: pp, 1.4 x 1032 cm~2 s7]

Maximum p at Low 3: 1.661 x 102
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The World's Most Powerful Microscopes

nanonanophysics
5,15, 749‘1’[{3:;55;&:7‘: 4ol

CDF dijet event (1/s = 1.96 TeV): Er = 1.364 TeV
qq — jet + jet
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LHC will operate soon, breaking new ground in £ & L

LHC - B
"?‘,‘.‘Pomt 8

S
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LHC in a nutshell

7-TeV protons on protons (27 km); v, ~ ¢ — 10 km/h
Novel two-in-one dipoles (= 9 teslas)

Startup: 43 ® 43 — 156 ® 156 bunches,
L~6x10 cm2s!

Early: 936 bunches, £L25 x 10% cm=2 s7! [75 ng]

Next phase: 2808 bunches, £ — 2 x 103 cm™2 s7!
25 ns bunch spacing

Eventual: £210%* cm=2s71: 100 fb~! /year

(Much more from Fabiola Gianotti)
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Why the LHC is so exciting (1)

e Even low luminosity opens vast new realm:
10 pb™! (few days at initial £) yields
8000 top quarks, 10° W-bosons,
100 QCD dijets beyond Tevatron kinematic limit
Supersymmetry hints in a few weeks ?

o The antithesis of a one-experiment machine;
enormous scope and versatility beyond high-p|

o L upgrade extends <10-year program ...
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You will need a trigger ...
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Dijet integral cross section, |n| < 2.5 ...

10 pb™! @ LHC ~» 2 10* events with Er 2 1.364 TeV
(Much more from Keith Ellis)
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The importance of the 1-TeV scale

EW theory does not predict Higgs-boson mass

> Conditional upper bound from Unitarity
Compute amplitudes M for gauge boson scattering at high energies, make
a partial-wave decomposition

M(s, t) = 167 Z(QJ + 1)ay(s)Py(cos )
J

Most channels decouple — pw amplitudes are small at all energies (except
very near the particle poles, or at exponentially large energies) - VMy.

Four interesting channels:
Wiw; z2ZP/v2 HH/V2 HZP
L: longitudinal, 1/v/2 for identical particles
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In HE limit,! s-wave amplitudes o< GgM?,

1 1/V/8 1/vV8 0

i (o) GV | VB 3/ 18 0

oM 42 1/V8 1/4 3/4 0
0 0 0 1/2

Require that largest eigenvalue respect pw unitarity condition |ag| < 1

1/2
e My < (87“/5) =1 TeV/c?

3Gr

condition for perturbative unitarity

!Convenient to calculate using Goldstone-boson equivalence theorem, which reduces
dynamics of longitudinally polarized gauge bosons to scalar field theory with interaction
Lagrangian given by Line = —Avh(2ww™ + 22 + h?) — (\/4) (2w  w™ + 2% + h?)?, with
1/v? = Gev2 and A\ = GEME /V/2.



o If the bound is respected

» weak interactions remain weak at all energies
» perturbation theory is everywhere reliable

@ If the bound is violated

» perturbation theory breaks down
» weak interactions among W=, Z, H become strong on 1-TeV scale

= features of strong interactions at GeV energies will characterize
electroweak gauge boson interactions at TeV energies

New phenomena are to be found in the EW interactions at
energies not much larger than 1 TeV
Threshold behavior of the pw amplitudes a;; follows from chiral symmetry

ao ~  Gps/8m\/2  attractive
ann~ Grs/487\/2  attractive
a0 ~ —Gps/167r\/§ repulsive
Lee, Quigg, Thacker, Phys. Rev. D16, 1519 (1977)



What the LHC is not really for ...

o Find the Higgs boson,
the Holy Grail of particle physics,
the source of all mass in the Universe.

o Celebrate.

o Then particle physics will be over.

We are not ticking off items on a shopping list . ..

We are exploring a vast new terrain

LHC Physics



The Origins of Mass

(masses of nuclei “understood”)

p,[7],p  understood: QCD
confinement energy is the source
“Mass without mass” Wilczek, Phys. Today (November 1999)

We understand the visible mass of the Universe
... without the Higgs mechanism

W,z electroweak symmetry breaking
M, = Lg?v? = ma/GeV/2sin® Oy
M2 = M3, /cos? Oy
g, (T EWSB + Yukawa couplings
vy EWSB + Yukawa couplings; new physics?
All fermion masses < physics beyond standard model

H 77?7 fifth force 77



Challenge: Understanding the Everyday

o Why are there atoms?

o Why chemistry?

o Why stable structures?

o What makes life possible?

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons?

LHC Physics



Searching for the mechanism of electroweak
symmetry breaking, we seek to understand

why the world is the way it is.

This is one of the deepest questions humans
have ever pursued, and

it is coming within the reach of particle physics.
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Our picture of matter

Pointlike constituents (r < 1078 m)

(4), ). (),
(=), Ge) (%),

Few fundamental forces, derived from gauge symmetries
SUB3). @ SU(2), ® U(1)y

Electroweak symmetry breaking: Higgs mechanism?

LHC Physics









Formulate electroweak theory

Three crucial clues from experiment:

@ Left-handed weak-isospin doublets,
(o), O (7)
€ /L rJL T/
(o), (5), (5),
d’ . s’ . b’ L

@ Universal strength of the (charged-current) weak interactions;

@ |dealization that neutrinos are massless.

First two clues suggest SU(2), gauge symmetry

LHC Physics



A theory of leptons

—_ Ve =
L—(e)L R_eR

weak hypercharges Y; = —1, Yr = -2
Gell-Mann—Nishijima connection, @ = I3 + %Y

SU(2), ® U(1)y gauge group = gauge fields:
@ weak isovector Bﬁ, coupling g
@ weak isoscalar A, coupling g’/2

Field-strength tensors
F', = 0,b, — 0,b,, + gejuebl, bl , SU(2),

fu =0 AL — 0, A, ,U(L)y

LHC Physics



Interaction Lagrangian

L= Cgauge + Cleptons

_ 1t o 1
Loauge = —1FL Fi — £, o,

!
Liptons = Rin" (@ + ig?.Au Y) R
— g/ —
Mass term Lo = —mc(ereL + € er) = —meé€e violates local gauge inv.

Theory: 4 massless gauge bosons (A, b}, b7 b}); Nature: 1 (v)

LHC Physics



Meissner effect levitates Leon Lederman (Snowmass 2001)
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

@ Introduce a complex doublet of scalar fields

+
¢z<@2}0> Yy =+1

@ Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lacatar = (D'9)1 (Do) — V(9'9),

where D, = 8, + i§ A,Y + i£7 - b, and

V(61o) = 12(67¢) + |A| (¢79)?
@ Add a Yukawa interaction Lyykawa = —Ce [R(6'L) + (Lo)R]

LHC Physics



@ Arrange self-interactions so vacuum corresponds to a
broken-symmetry solution: 2 < 0
Choose minimum energy (vacuum) state for vacuum expectation value

o=, 5 ) v=y

Hides (breaks) SU(2), and U(1)y
but preserves U(1)em invariance

Invariance under G means €'Y (¢)g = (¢)o, s0 G(¢)g =0

o (2 )(fa) (7)o
(0 )( v/(:ﬁ) :( —""é\/ﬁ);éo broken!
(1J _0 )(v/(i/ﬁ) :(_v(/’ﬁ);éo broken!

Y{(¢)o = Yy (d)o = +1{(p)o = ( V/(i@ ) #0 broken!

LHC Physics



Symmetry of laws % symmetry of outcomes
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o Electromagnetism is mediated by a massless photon,
coupled to the electric charge;

o Mediator of charged-current weak interaction acquires
a mass M%/ = 7rcy/GF\/§sin2 Ow,

o Mediator of (new!) neutral-current weak interaction
acquires mass M2 = Ma// cos? Oy;

e Massive neutral scalar particle, the Higgs boson,
appears, but its mass is not predicted;

e Fermions can acquire mass—values not predicted.

LHC Physics



First Z from UA1

" 568 intermediste Vector Bosans W7, W~ and 2°

e
CHBPDF - wwil fastio.com Fig. 1aan
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Qualitative successes of SU(2); @ U(1)y theory:

@ neutral-current interactions
@ necessity of charm

@ existence and properties of W= and Z°

Decade of precision EW tests (one-per-mille)

Mz  91187.6 + 2.1 MeV/c?
Mz 2495.2 4 2.3 MeV

0 dromc 41541 +0.037 nb

[ hadronic 1744.4 4+ 2.0 MeV

Meptonic ~ 83.984 £ 0.086 MeV

Fim,is;b|e 499.0 + 1.5 MeV

rinvisible = rZ - rhadronic - 3r|eptonic

light v = Ny, = Tinvisible/ T (Z — vi7;) = 2.994 +0.012  (ve, vy, vr)
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Three light neutrinos

a (nb)

S T S E S AR BRI AR

88 B89 90 91 92 93 94 95

Energy {GeV)
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Measurement Fit  lOm_Qf|/gmeas

0 2 3

Ao (m,) 0.02758 = 0.00035 0.02767 M
m,[GeV] 91.1875=0.0021 91.1874
[,[GeV]  2.4952:0.0023 2.4959 [m
opg[b]  41.540£0.037  41.478 |mm—m
R, 20.767 £0.025  20.743 jmm—m
AY 0.01714 = 0.00095 0.01643
A(P) 0.1465 = 0.0032  0.1480 mm
R, 0.21629 = 0.00066 0.21581 |jmmm
R, 0.1721+0.0030  0.1722

o° 0.0992 = 0.0016  0.1037 |———
A 0.0707 +0.0035  0.0742 |mmmm
A, 0.923 = 0.020 0.935 jmm
A, 0.670 = 0.027 0.668
A(SLD) 0.1513£0.0021  0.1480 |me———
sin®0r(Q,,) 0.2324=0.0012  0.2314 [
my[GeVl 80.404=0.030  80.376 Mmmmm
I,[GeV]  2.115=0.058 2,092 mm
m, [GeV] 1725+ 2.3 1729 B

o
-
N
w

LEP Electroweak Working Group, Winter 2006
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Why a Higgs boson must exist

> Role in canceling high-energy divergences
S-matrix analysis of ete™ — WTW™

w- w-
GX e

WH
¥
et
(a) (b)
W+
et

W—
} v i
-

(©
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" 157{5
I
|
e/\e+
(C)

J =1 partial-wave amplitudes ./\/lgl), M(Zl), ./\/l,(,l) have —individually—
unacceptable high-energy behavior (o s)
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. But sum is well-behaved
“Gauge cancellation” observed at LEP2, Tevatron

30

17/02/200!
— T T T
o) LEP
"% PRELIMINARY |
o]
20 B
10+
m YFSWW/RacoonWW
__..no ZWW vertex (Gentle) R
....only v, exchange (Gentle)
oL ; .
180 200
s (GeV)
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J = 0 amplitude exists because electrons have mass, and can be found in
“wrong” helicity state

M,(jo) xs2 unacceptable HE behavior

(no contributions from ~ and Z)

This divergence is canceled by the Higgs-boson contribution

‘:> Heé coupling must be me,‘

because “wrong-helicity” amplitudes o< me

. |
______ pLLLL S ’
H V== img(Ge V)2

If the Higgs boson did not exist, something else would have to
cure divergent behavior

LHC Physics



If gauge symmetry were unbroken . ..

@ no Higgs boson
@ no longitudinal gauge bosons
@ no extreme divergences

® no wrong-helicity amplitudes

...and no viable low-energy phenomenology

In spontaneously broken theory . ..
@ gauge structure of couplings eliminates the most severe divergences

@ lesser—but potentially fatal—divergence arises because the electron
has mass ... due to the Higgs mechanism

@ SSB provides its own cure—the Higgs boson

A similar interplay and compensation must exist in any acceptable theory

LHC Physics



Why hadron colliders?

Rich diversity of elementary processes at high energy
Benchmark: gg interactions at 1 TeV ...

(x) = & ~ pp collisions at /s ~ 6 TeV
Fixed-target: p ~ 2 x 10* TeV = 2 x 10! eV

10 p B
= — km.
T3 (1 TeV) / (1 tesIa) "

B =2 T (iron magnets) = r = 1 x 10° km.

~ %x lunar orbit!

SC magnets (10 T) = r ~ R, = 6.4 x 10° km



Fermi's Dream Machine (1954)

From 4 1954 Slide by Enrico Fermi, University of Chicago Specal Collections.

5000-TeV protons, 2-tesla magnets, 8 000-km radius, $1.7 x 109, 40 years
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Breakthrough: Colliding beams!

To reach 3@ 3 TeV, require

10T
I3 Tev = B km.

X2 (straight sections, quads, correctors) ...

10-T dipoles: radius of practical machine ~ 2 km
~ 2X Tevatron

SC magnets greatly reduce operating cost

LHC Physics



Key advances in accelerator technology

o The idea of colliding beams
o Alternating-gradient (“strong”) focusing
o Superconducting accelerator magnets

o Vacuum technology: in 20 hours, protons travel
~ 2 x 101° km, ~ 150 Earth — Sun

o Large-scale cryogenic technology
o Active optics

e Intense antiproton sources; beam cooling

LHC Physics



Competing technologies?

o None for quark—gluon interactions
o None for highest energies (derate composite protons)

o Lepton—lepton collisions: LEP (/s ~ 0.2 TeV) was
the last great electron synchrotron?

Synchrotron radiation = linear colliders for higher /s
~ International Linear Collider

» Challenge to reach 1 TeV; L a great challenge
» Can we surpass 1 TeV? CLIC, ...

LHC Physics



Competing technologies?

o Lepton—hadron collisions: HERA (e*p) as example;
energy intermediate between ete™, pp

e*(u, d) leptoquark channel, proton structure, yp
High L a challenge: beam profiles don’t match

(Far) future: p*p collider?

e Heavy-ion collisions: RHIC the prototype; LHC
(relatively) modest energy per nucleon;
quark-gluon plasma; new phases of matter

LHC Physics



Unorthodox projectiles?

o 77 Collider: Backscattered laser beams; enhancement
of linear collider capabilities

o 17~ collider: Advantage of elementary particle,
disadvantage of muon decay (2.2us).

Small ring to reach very high effective energies?

Muon storage ring (neutrino factory) would turn bug
into feature!

LHC Physics



What is a proton?

(For hard scattering) a broad-band, unselected beam of
quarks, antiquarks, gluons, and perhaps other constituents
characterized by parton densities

f;'(a) (Xa, QQ)’

...number density of species / with momentum fraction
x, of hadron a seen by probe with resolving power Q.

Q? evolution given by QCD perturbation theory

£%)(x,, Q3): nonperturbative

]

LHC Physics



PDFs determined from deeply inelastic scattering ...
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What is a proton?

1 T T T T T T T T

xu,(x,0%)  xu(x,Q%)

LHC Physics



1
Flavor content of the proton: / dx x fi(x, Q%)
0

Momentum Fraction

1073 L I vl ol Ll

1 10 1001000 10* 10° 10% 107 108
Q° [GeVF]
Asymptotic limit (Q* — o0): g: 2; gs: &1 gy : 0



Hard-scattering cross sections
do(a+b—c+X) = Z/dxadxb-
ij
7 (0, @) (x5, Q)6 (i 4 — €+ X)),

dé : elementary cross section at energy v/3 = \/X2xps

Define differential luminosity (7 = §/s)

dl 1

1
B (a) (b) (a) (b)
- o / ax [£O 0 (/%) + () (/)

parton i—parton j collisions in (7,7 4 d7) per ab collision

da(a+b—>c+X)=Z%6(i+j—>c+X)
T

7
Hard scattering: & o< 1/5; Resonance: 6 o 7; form (7/5)dL/dT

LHC Physics



Parton Luminosities (7/5)dL/dT

o) o)
(= [=
> >
= =
0 (72}
(e} o
£ =
= =
3 >
—] |
fe c
o (e}
s g
£ 2
© ©
o o

at /s = 2,6, 14,40,70, 100, 200 TeV

Background: E. Eichten, I. Hinchliffe, K. Lane, and C. Quigg, Rev. Mod. Phys. 56, 579
(1984). (CTEQ5 parton distributions)
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Parton Luminosities . ..

CTEQSM set

pp(ud)

pp(uu)

10
10 10
10 10
fo 10
1 1

107] 107!
10° 107
10 10
10

ol vl
2 ! 1 10 10 10 10! 1 10

10 107! 1 10 10°

107 10! 1 10 102
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Parton Luminosities . ..

CTEQSM set

10 -
10 pp(ud)
10
10
10
1
107!
107
10
10
10
= TR Auf 1 MW
1072 107! 1 10 10? 1072 10! 1 10 1
10
10
10
10
10
10
1
107
10
10
10
10
Py S L i SENEIETTT R | MR
1072 10! 1 10 102 1072 107! 1 10 10
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Parton Luminosities . ..

CTEQSM set

pp(gg)

pp(dg)

.
2 ! 1 10 10? 1072 10! 1 10 1

107! 1 10 10

1072 10! 1 10 102
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Parton Luminosities . ..

CTEQSM set

pp(it)

Ppp(bb)

vl el LN 1l vl vl vl
10! 1 10 10?

1072 107! 1 10 10?

pp(uit) pp(ud)

10
10 10
10 10
1 1
1| 1)
10 10
10 10
10 10
10 \ 10 \
10 10
po Bl il \\u PTe iy ST R AT
1072 10! 1 10 102 1072 107! 1 10 10
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Parton Luminosities . ..

CTEQ5SM set

pp(dd)

10
10 \
Lol vl WA & v

107! 1 10 10? 1072 107! 1 10 10?
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Bounding My from above . ..

Triviality of scalar field theory

o Only noninteracting scalar field theories make sense
on all energy scales

o Quantum field theory vacuum is a dielectric medium
that screens charge

o = effective charge is a function of the distance or,
equivalently, of the energy scale

running coupling constant

LHC Physics



In \@* theory, calculate variation of coupling constant A
in perturbation theory by summing bubble graphs

A(p) is related to a higher scale A by

1 1 3
i) T T 2 log (A/ 1)

(Perturbation theory reliable only when \ is small, lattice field theory

treats strong-coupling regime)

LHC Physics



For stable Higgs potential (i.e., for vacuum energy not to
race off to —o0), require A(A) >0

Rewrite RGE as an inequality

1 3
ﬁ Py |0g (A/ 1)

..implies an upper bound

A(w) <272 /3log (/1)

LHC Physics



If we require the theory to make sense to arbitrarily high
energies—or short distances—then we must take the limit
A — oo while holding p fixed at some reasonable physical

scale. In this limit, the forces (1) to zero.

— free field theory “trivial”
Rewrite as bound on My:

272
NS ree 50

Choose 1 = My, and recall M7 = 2\(My)v?

A < My exp (47r2 v2/3M,%,)

LHC Physics



600

T T T T T T T T T T T T T
500 B
; i
[
O 400 -
ﬁ Higgs interactions vanish 4
= 300
c
]
a
o
'?, 200
g excluded by direct searches
T 100
electroweak symmetry not hidden |
0 [ S NN S (TR NN S NI B}

103 105 107 10 10" 10"3 10'5 10'7 10"
energy to which electroweak theory holds (GeV)
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Moral: For any My, there is a maximum energy scale \*
at which the theory ceases to make sense.

The description of the Higgs boson as an elementary
scalar is at best an effective theory, valid over a finite
range of energies

Perturbative analysis breaks down when My — 1 TeV/c?
and interactions become strong

Lattice analyses = My < 710 £ 60 GeV/c? if theory
describes physics to a few percent up to a few TeV

If My — 1 TeV EW theory lives on brink of instability

LHC Physics



Lower bound by requiring EWSB vacuum V(v) < V(0)

Requiring that (¢)o # 0 be an absolute minimum of the
one-loop potential up to a scale A yields the
vacuum-stability condition . .. (for m; < My,)

3GrV?2

M? > o3

T (2My, + My — 4m?) log(A?/v?)

(No illuminating analytic form for heavy m;)
If the Higgs boson is relatively light (which would require

explanation) then the theory can be self-consistent up to
very high energies

LHC Physics



600

T T T T T T T T T T T T U
500 4
; 4
(]
g 400 e
§ Higgs interactions vanish 4
= 300
c
o
a
o
-g 200
g excluded by direct searches
T 100
electroweak symmetry not hidden |
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1

103 10° 107 10° 10" 10'3 10" 1077 1079
energy to which electroweak theory holds (GeV)

If EW theory is to make sense all the way up to a unification scale
A* =100 GeV, then 134 GeV/c? < My <177 GeV

LHC Physics



Higgs-Boson Properties

_ 2M am2\ 32
F(Hﬁff):%-m-(l—ﬂ)

o My in the limit of large Higgs mass

GEM3
M(H— WTW™) = —H (1 - x)V2(4 — 4x +3x%) x = 4MZ,/M?
(H—wrw™) = 2500 - 2 ) b/ M
GEM3,
M(H— 2°2°%) = ZF2R(1 - X)Y2(4 — ax +3x%) X' = 4aME /M,
647/2
asymptotically oc M3, and %Mf_, respectively (% from weak isospin)

2x2 and 2x? terms < decays into transverse gauge bosons
Dominant decays for large My: pairs of longitudinal weak bosons

LHC Physics



1000 | |

S i |
(b}
O, 100-
< -
= r
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-Tg 10~ E
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B B ]
l | | | | |
200 400 600 800 1000
2
MHiggs [GeV/cT]

For My — 1 TeV, Higgs boson is ephemeral: Ty — Mpy.
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SM Higgs branching ratios (HDECAY)

0.1

10-2

my (GeV/c?)
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Experimental clues to the Higgs-boson mass

Sensitivity of EW observables to m; gave early indications for massive top

Quantum corrections to SM predictions for My, and My arise from
different quark loops

b t
w+ /\A/\A/\O\/V\A/\/ w+ 70 /\A/\A/\O\/VV\/\/ ZU7
t t

... alter the link My, = MZ (1 —sin® 0w (1+Ap)

where Ap ~ Aplavarks) — 3G m? /872+/2
Strong dependence on m? accounts for precision of m; estimates derived
from EW observables

Tevatron: ém;/m; ~ 1.33%. .. Look beyond quark loops to next
most important quantum corrections: | Higgs-boson effects

LHC Physics



Global fits to precision EW measurements

@ precision improves with time / calculations improve with time

250 |

LEP - 24946 +2.7 MeV

200 -

N\: 150 | 250
> r —
8 [ % 2 200
d r > =91186 + 2MeV
o 100 o S ——
F Jie-- £150 E my; - 60-1000 Gev
r 4 : _ ] [ o.-=0.123 + 0.006
50 - _.--~ =TT 7 1002480 2490 2500
:_I ] Ty [MeV]
0L . . I . | . . 1
1988 1990 1992 1994 1996 1998

Year

11.94, LEPEWWG: m, = 178 + 11115 GeV/c?

Direct measurements: m; = 172.5 & 2.3 GeV/c?
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H quantum corrections smaller than t corrections, exhibit more subtle
dependence on My than the mf dependence of the top-quark corrections

ApHiess) — ¢ . |n (%)

4

Mz known to 23 ppm, m; and My well measured

Top-Quark Mass [GeV] W-Boson Mass [GeV]
CDF 172.0+2.7 TEVATRON 80.452 + 0.059
]| 1745+ 35 LEP2 80.388 +0.035
Average 1725+23 Average 80.404 +0.030

X/DoF: 8.10/8 XIDoF: 0.9/1
—_— +
LEP1/SLD 1726° ig; NuTeV A 80.136 + 0.084
LEP1/SLD = 80.363 +£0.032
+12.0

LEPL/SLD/m,/Ty 1789 5o LEP1/SLD/m, - 80.363 +0.021

11‘10 1é0 1é0 260 8‘0 86.2 80.4 86.6

m, [GeV] m,, [GeV]

...so examine dependence of My, upon m; and My

LHC Physics



Best Tevatron Run Il (*Preliminary)

"DO Dilepton 176.6 £11.2+ 3.8
(L= 370 pb™)

°
DO Lepton+Jets 170.6 + 2.8+ 3.7
(L= 370 pb™)

°

"CDF Dilepton 1645+45+3.1
(L= 750 pb™)

—— ——
"CDF Lepton+Jets 173.4+1.7+2.2
(L= 680 pb™)

———
"Tevatron March’06 1725+1.3+1.9
(CDF+DO0 Run I+1I Average) (stat) = (syst)

1 L

e b e e e L L P IR
155 160 165 170 175 18Q 185 190
Top Quark Mass (GeV/c)
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CDF's top-mass projections . . .

—_
o
1

A M(total) GeV/c®

Chris Quigg (Fermilab)

—
1

CDF Top Mass Uncertainty

(I+] and I+j channels combined)

11" 2™ 41" 8fb
Vvl

*

V CDF Results

%

TV,
* Run lla goal (TDR 1996)

Scale A(stat) /\L, Fix A(syst)
(assumes no improvements)

""""" Scale A(total) / \L
(improvements required)

10 10° 10
Integrated Luminosity (b™)

2006

4

LNF Spring School




1 —LEP1 and SLD
80.5- -~ LEP2 and Tevatron (prel.)
68% CL (Tevatron/LHCu

1 —LEP1 and SLD
{ - LEP2 and Tevatron (prel.)
68% CL

50 175 200 150 175
m, [GeV] m, [GeV]

Direct, indirect determinations agree reasonably
Both favor a light Higgs boson, ... within framework of SM analysis.

LHC Physics



Fit to a universe of data

6 T 14
Il Theory uncertainty jf
Aa:fz’a)d = 3
5 — 0.02758+0.00035 7]
R | V- 0.02749:0.00012
4 +« incl. low Q2 data —
C\I>< |
g 3 |
o _
1 _
0 | Excluded 3 o
30 100 300

m,, [GeV]

Standard-Model My <207 GeV at 95% CL



o Within SM, LEP EWWG deduce a 95% CL upper
limit, My <207 GeV/c?.

o Direct searches at LEP = My > 114.4 GeV/c?,
excluding much of the favored region

o Either the Higgs boson is just around the corner, or
SM analysis is misleading

Things will soon be popping!

LHC Physics



e Tevatron, LHC measurements will determine m;
within 1 or 2 GeV
...and improve 0 My, to about 15 MeV

o As the Tevatron's integrated luminosity approaches
10 fb~!, CDF and D@ will explore the region of My
not excluded by LEP

o ATLAS and CMS will carry on the exploration of the
Higgs sector at the LHC;
could require a few years, at low mass;
full range accessible, vy, llvv, bb, (Y0010~ tvjj, 7
channels.

LHC Physics



A few words on Higgs production ...

ete” — H: hopelessly small
pp — H: scaled by (m,/m.)? ~ 40000
ete” — HZ: prime channel

Hadron coIIide_rs:
gg — H — bb: background 7!
gg — H — ~~: rate 7!

pp — H(W, Z): prime Tevatron channel

At the LHC:
Many channels become accessible, expect sensitive search

up to 1 TeV



Higgs search in et e~ collisions

o(eTe” — H — all) is minute, oc m?
Even narrowness of low-mass H is not enough to make it visible ... Sets

aside a traditional strength of e e~ machines—pole physics

Most promising:

associated production
ete” — HZ
has no small couplings

_ma? K(K?43M2)[1+ (1 — 4xw)?]
U/ (- MBE (l—w)

K: c.m. momentum of H xw = sin® Oy

g

LHC Physics
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LHC Physics
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+ important effect of ISR

LEP 2: sensitive nearly to kinematical limit | MJ®> = /s — Mz

LC: sensitive for My <0.7/s

& measure excitation curve to determine

My ~ 60 MeV 1/ 100 fb=* /L for My = 100 GeV
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Higgs-boson production at the Tevatron

SM Higgs cross section [pb]

1.0

100 120 140 160 180 200
my (GeV/c?)
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The agent of electroweak symmetry breaking represents
a novel fundamental interaction
at an energy of a few hundred GeV.

| We do not know the nature of the new force.|

Inspired by the Meissner effect, we describe the EWSB
interaction as an analogue of the Ginzburg—Landau
picture of superconductivity.

light Higgs boson < perturbative dynamics
heavy Higgs boson < strong dynamics
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What is the nature of the mysterious new force that hides
electroweak symmetry?

o A fundamental force of a new character, based on
interactions of an elementary scalar

o A new gauge force, perhaps acting on undiscovered
constituents

o A residual force that emerges from strong dynamics
among the weak gauge bosons

o An echo of extra spacetime dimensions

We have explored examples of all four, theoretically.

Which path has Nature taken?
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Essential step toward understanding the new force that
shapes our world:
Find the Higgs boson and explore its properties.

o Is it there? How many?
o Verify JFC =0+
o Does H generate mass for gauge bosons, fermions?

e How does H interact with itself?

Finding the Higgs boson starts a new adventure!

LHC Physics



Assessment

SU(2). ® U(1)y: 25 years of confirmations
@ neutral currents;
o Wt 70
@ charm
(+ experimental guidance)
o T, U
@ bt
+ experimental surprises
@ narrowness of 1, ¢/
e long B lifetime; large B—B° mixing
e large B°-B° mixing
@ heavy top
@ neutrino oscillations

LHC Physics



10 years of precision measurements find no significant deviations
Quantum corrections tested at 1073
No “new physics” ...yet!

Theory tested at distances from 107" cm to ~ 10% cm

origin ~ Coulomb's law (tabletop experiments)

I Atomic physics — QED
smatier high-energy expts. — EW theory

larger M, =~ 0 in planetary ... measurements

Is EW theory true? lIs it complete 77

LHC Physics



Natural to neglect gravity in particle physics

hc 2 19
GNewton Small <= Mpjanck = ~ 1.22 x 10™ GeV large
GNewton
q
E
............... G~
MPIanck
q

Mk \? 38
Estimate B(K — 7G) ~ (M ) ~ 10"
Planck

300 years after Newton: Why is gravity weak?

LHC Physics



But gravity is not always negligible . . .

The vacuum energy problem

Higgs potential V(yp'p) = 1(0T¢) + A (¢1p)?
At the minimum,

2.2 4
uv Al v
V(iehoro) = 0 = A g

Identify M2, = —2u2

V' # 0 contributes field-independent vacuum energy density

l\/l,2_,v2
OH = 3

Adding vacuum energy density o,.c < adding cosmological constant A to
Einstein’s equation

81 Gy 87 Gy
R;w - %Rg,uu = T T;u/ + /\g;w A= T@vac

LHC Physics



Observed vacuum energy density oysc < 10740 GeV*

1.0 -
0.8F
O.6f—
o.4f—

0.2F

0.0L -
0.0 0.2 0.4 0.6 0.8 1.0

Qm (figure by L. Verde)

But My 2114 GeV/c? = oy 2 108 GeV*

Mismatch by 54 orders of magnitude

LHC Physics



EWSB: another path?

Modeled EWSB on Ginzburg—Landau description of SC phase transition;
had to introduce new, elementary scalars

GL is not the last word on superconductivity: dynamical
Bardeen—Cooper—Schrieffer theory

The elementary fermions — electrons — and gauge interactions — QED —
needed to generate the scalar bound states are already present in the case
of superconductivity. Could a scheme of similar economy account for
EWSB?

|SU(3)c ® SU(2), ® U(1)y + massless u and d

Treat SU(2), ® U(1)y as perturbation

my = mg = 0: QCD has exact SU(2); ® SU(2)g chiral symmetry. At an
energy scale ~ Aqcp, strong interactions become strong, fermion
condensates appear, and SU(2); ® SU(2)g — SU(2)v

= 3 Goldstone bosons, one for each broken generator: 3 massless pions
(Nambu)

LHC Physics



Broken generators: 3 axial currents; couplings to m measured by pion

decay constant f;.
Turn on SU(2), ® U(1)y: EW gauge bosons couple to axial currents,

acquire masses of order ~ gf;.

g2 0 0 0
2 0 g2 0 0 f_ﬂ? + _
M = 0 0 g2 ggl 4 (W 7W 7W37"4)
0 0 gg/ g/2

same structure as standard EW theory.
Diagonalize: M2, = g?f2/4, M2 = (g + g’%)f?/4, M2 =0, so

M (&®+87) 1

M2, g2 ~ cos? By

Massless pions disappear from physical spectrum, to become longitudinal
components of weak bosons. | My, =~ 30 MeV/c?| No fermion masses . ..

LHC Physics




Parameters of the Standard Model

w

coupling parameters s, agwm, sin® Oy
parameters of the Higgs potential

vacuum phase (QCD)

quark masses

quark mixing angles

CP-violating phase

charged-lepton masses

neutrino masses

leptonic mixing angles

leptonic CP-violating phase (4 Majorana . . .)
26" arbitrary parameters

parameter count not improved by unification

H W WwWwwE Wwo =N

LHC Physics



The EW scale and beyond
EWSB scale, v = (GF\/§)_% ~ 246 GeV, sets

M2, = g?v?)2 M2 = M3,/ cos® Oy

But it is not the only scale of physical interest
quasi-certain: Mpjanck = 1.22 x 1019 GeV

probable: SU(3). ® SU(2). ® U(1)y unification scale ~ 1015716 GeV
somewhere: flavor scale

How to keep the distant scales from mixing in the face of quantum
corrections?
OR
How to stabilize the mass of the Higgs boson on the electroweak scale?
OR

Why is the electroweak scale small?

“The hierarchy problem”

LHC Physics




Higgs potential  V/(¢'¢) = 1*(¢'9) + A (¢'¢)°
p? < 0: SUR2) @ U(l)y — U(1)em, as

0
_ 0 — ~1/2
6= (= ) = Evo

5 GeV

Beyond classical approximation, quantum corrections to
scalar mass parameters:

m2(p3=m02+ M + D + O
J=1

J=1/2 J=0

LHC Physics



Loop integrals are potentially divergent

/\2
m*(p?) = m*(N?) + ng/ dk® + - -
p?
A: reference scale at which m? is known
g: coupling constant of the theory
C: coefficient calculable in specific theory

For mass shifts induced by radiative corrections to remain
under control (not greatly exceed the value measured on
the laboratory scale), either

e \ must be small, or

o New Physics must intervene to cut off integral
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But natural reference scale for A is

hc

GNewton

for SU(3). ® SU(2), @ U(1)y

1/2
A ~ Mppanck = ( ) ~ 1.22 x 10'° GeV

or

A ~ My ~ 10'°-101° GeV for unified theory
Both > v/v2 ~ 175 GeV —

New Physics at E <1 TeV

LHC Physics



Tine tuning the Higas
=10 Tev

loops  hians Joo
Quge S % \P
3 (200 GV

octual, Higgs mass?

Yk 11

2
—(2®
) T op loop =

Martin Schmaltz, ICHEP02
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Only a few distinct scenarios . ..

o Supersymmetry: balance contributions of fermion
loops (—1) and boson loops (+1)
Exact supersymmetry,

Z C/dk2—0

- fermions
~ +bosons

Broken supersymmetry, shifts acceptably small if
superpartner mass splittings are not too large

g2AM? “small enough” = M <1 TeV/c?

LHC Physics



Coupling constant unification?

60

1

) \
3 2
el
0
102 10° 1010 101° 1020
Q [GeV]
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SUSY doubles the spectrum

If mg < me, no Pauli principle to dictate integrity
of molecules

Dyson & Lieb: If basic constituents of matter were
bosons, individual molecules would join into a

shrinking . . .insatiable .. . undifferentiated B L O B !

Supersymmetry menaces us

with an amorphous death

Full understanding of SUSY will show us why we
live in a world ruled by the Exclusion Principle

LHC Physics



Only a few distinct scenarios . ..

o Composite scalars (technicolor): New physics arises on
scale of composite Higgs-boson binding,

Arc ~ O(1 TeV)

“Form factor” cuts effective range of integration

o Strongly interacting gauge sector: WW resonances,
multiple W production, probably scalar bound state
“quasiHiggs” with M <1 TeV

e Extra spacetime dimensions: pseudo-Nambu —
Goldstone bosons, extra particles cancel integrand . ..

o Planck mass is a mirage, based on a